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ABSTRACT 
To improve the hybrid dye-sensitized solar cell (HDSSC)’s efficiency, new metal-
phthalocyanine solutions were employed. In this research, copper, silver, and zinc 
phthalocyanine were synthesized and applied as molecular sensitizers into the cells. It was 
hypothesized that HDSSCs based on metal-phthalocyanines would generate better efficiency 
than those made of phthalocyanine dyes.  
UV-Visible spectroscopy was the first test to verify if three metals were successfully 
chelated into the metal cores of phthalocyanines. Depend on particular lighting conditions; the 
optimal energy efficiency of these HDSSCs of 1.6% has been reached. 
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CHAPTER 1. INTRODUCTION 
Energy is an important factor in many fields of science and politics to everyday life in the 
modern era. According to ExxonMobil report, the required energy in 2005 was about 210 million 
oil-equivalent barrels per day and would be increased to more than 300 oil-equivalent barrels per 
day, which was going to be approximately 35% in 2030. This number showed the essential of 
energy in this day and age compared to the past. Concerns of depletive reservation of fossil fuel, 
pollution has increased rapidly causing the attention of scientists to investigate renewable 
sources of energy.  
One potential source of renewable energy is solar energy because of the unlimited energy 
from sunlight. Fundamentally, sunlight contains photons with energies that reflect the sun’s 
surface temperature. In addition, more energy from sunlight strikes the Earth in one hour than all 
the energy consumed on the planet in a year. Therefore, sunlight provides the largest of all clean-
energy sources. Heat travels in all directions from the Sun, which is the crucial source of all 
energy on Earth. As shown in Figure 1, solar energy by far was the most invested renewal energy 
from 2005 to 2007 (Steger, 2009).  
 
Figure 1: Global venture capital investments in clean energy technologies (Steger, 2009) 
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In the past decade, solar energy has attracted interest from the public because of its wide 
availability and environmental sustainability. Unlike fossil fuels, solar energy does not create 
greenhouse gases when generating electricity (Pentland, 2010).  For that matter, it is considered 
the most fascinating solution for clean and abundant energy sources. Figure 2 shows the world 
solar energy potential.  
 
Figure 2: NASA map of the world solar energy potential (Pentland, 2010) 
Over the times, scientists have found many ways to use the power of the Sun. Solar 
power has been rapidly grown in recent years; however, it accounts for less than 1 percent of 
electricity use in the United States (Pentland, 2010). Solar cells were introduced as an electrical 
device that converts the solar power into direct electricity. There are two fundamental functions 
of solar cells: photo-generation of charge carriers (electrons and holes) in a light-absorbing 
material and separation of the charge carriers to a conductive interaction to transmit electricity. 
Adding to the wide range of solar cell, hybrid solar cell based on inorganic and organic 
compounds is a promising renewable energy source. 
For the inorganic semiconductor, titanium dioxide will be introduced because of its high 
efficiency and low cost compared to porous silicon (PSi) or gallium arsenide (GaAs). In 1991, 
O’regan and  ratzel created a photovoltaic cell from low to medium purity materials through 
low-cost processes, which exhibited commercially viable energy-conversion efficiency. Instead 
14 
 
of silicon, O’regan and  ratzel relied on titanium dioxide (TiO2) – a cheap and widely available 
material used in many products. Gratzel cells contain particles of TiO2, which are coated with a 
dye that absorbs a wide range of wavelengths given off by sunlight. These cells are placed 
between two electrodes in an electrolyte solution containing iodine ions and generate electricity 
when the energy captured by the dye. 
The objective of this project is to experimentally compare the performances of “hybrid 
dye – sensitized solar cells based on titanium dioxide and metal – phthalocyanines”. It will be 
studied in depth to understand the characteristics of hybrid solar cells, as well as improve more 
functions of the cells. The hypothesis of the project is that metal – phthalocyanine solutions 
would give hybrid solar cells with better efficiency than phthalocyanine dyes. Firstly, for the 
metal – phthalocyanines, three conducting metals copper, zinc and silver are synthesized using 
metal substitution reactions and tested if there are any significant improvements. UV – Visible 
spectroscopy is used to confirm the attachment of three metals onto the surface of 
phthalocyanine. Secondly, these hybrid solar cells are tested and compared to verify the 
hypothesis by measuring the currents and voltages under normal room illumination, compact UV 
lamp, normal sunny daylight, and cloudy daylight. Lastly, the efficiency percentage will be 
compared to understand which conducting metal will give the highest or lowest efficiency.  
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CHAPTER 2. BACKGROUND RESEARCH 
In this chapter, a literature review on five main topics will be introduced, including solar 
cells, hybrid solar cells, porous silicon, titanium dioxide, and phthalocyanine – like macrocycles 
and conducting metals. The first section will be a general description of solar cells. The second 
section will introduce a new model of hybrid solar cells, which is based on polymer and 
nanoparticle composites. The next two sections will then express information about the hybrid 
dye – sensitized solar cell composites: porous silicon or titanium dioxide and metal – 
phthalocyanine. Finally, the last section will present common properties of conducting metals 
such as copper, silver, and zinc.  
2.1 Solar Cell  
2.1.1 Overview 
Solar cells are one type of photovoltaic cells which use a method of generating electrical 
power by converting energy of light into direct current electricity using semiconductors that 
exhibit the photovoltaic effect. For the photovoltaic effect, electrons are transferred between 
different bands (usually from the valence bands to conduction bands) within the material, 
resulting in the buildup of voltage between two electrodes. In some photovoltaic cells, the light 
radiation is sunlight, which explains why the devices are known as solar cells (Brabec & et al, 
2001).  
Solar cell technology to produce energy has been significantly increased due to the 
awareness about the declining level of fossil fuels and their impacts on the environment.  The 
electricity produced through solar technology is being widely used to power homes, cars and 
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other appliances. This section will present the structure, mechanism, as well as the efficiency of 
solar cells.  
2.1.2 Structure 
The complete structure of solar cells consists of a semiconductor, P-N junction 
photodiodes with a large light-sensitive area. In order to provide better understanding about solar 
cell structure, brief definitions about these solar components will be provided before the overall 
concept.  
Firstly, semiconductor is a class of materials whose electrical properties lie between those 
of conductors (metals) and insulators (non-metals). At the atomic level, semiconductors are 
crystals that in their pure state are resistive, but when the proper impurities are added- this 
process is called doping, semiconductors display much lower resistance along with other 
interesting and useful properties. Depending on the selection of impurities added, two types of 
semiconductor could be created: N type (electron-rich), or P type (electron –poor). Examples for 
semiconductors are silicon and germanium (Seale, 2003).  
 
Figure 3: Semiconductor structure (Seale, 2003) 
Secondly, P-N junction is the basic formation of P type and N type semiconductors by 
intimate contact. The purpose for this formation is conducting electric current with one polarity 
of applied voltage (forward bias) without conducting the opposite polarity (reverse bias).  
17 
 
 
Finally, photodiodes are basically P-N junctions, which are specifically designed to 
optimize their inherent photosensitivity as shown in Figure 3 (Seale, 2003).   
Together, these materials create three main energy-conversion layers of a solar cell. The 
first layer necessary for energy conversion is the top junction layer, which is made of N-type 
semiconductor. The next layer is the absorber layer called the P-N junction. The last of the 
energy-conversion layers is the back junction layer, which is made of P-type semiconductor 
(Patel, 2006).  Figure 4 shows the inside view of a complete structure of a solar cell.  
 
Figure 4: Solar cell diagram (U.S. Department of Energy) 
2.1.3 Mechanism 
The mechanism of solar cells is quite simple. Basically, when light energy strikes a solar 
cell, electrons are knocked loose from the atoms in the semiconductor material. If electrical 
conductors are attached to the positive and negative sides, which form an electrical circuit, the 
electrons can be captured in the form of an electric current -- that is, electricity. This electricity 
can be used to power a load (Ma & et al, 2005). Figure 5 represents the mechanism of a solar 
cell.  
18 
 
 
Figure 5: Solar cell circuit (NASA) 
2.2 Hybrid Solar Cell  
2.2.1 Overview 
Hybrid solar cells, also known as organic-inorganic solar cells, are solar cell devices, 
which combine the elements of regular solar cells with organic polymers. A hybrid solar cell 
contains both organic and inorganic semiconductors, and combines the unique properties of 
inorganic semiconductors together with the film-forming properties of polymers. Inorganic 
nanoparticles have several advantages such as size tunability and high molar absorptivity. 
Several studies have been performed to investigate hybrid solar cells using nanoporous metal 
oxide electrodes or nanocrystal/conjugated polymer blend approaches using inorganic 
semiconductors such as TiO2, ZnO, CdSe, and CuInS2 (  nes, 200 ).  
This combination of materials in the photoactive layer can result in a greater efficiency 
when converting light into electricity; with the rise in prices of silicon, being able to reduce the 
amount of the semiconductor also results in a cheaper product (  nes, 200 ).  
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2.2.2 Structure 
A promising approach in organic photovoltaics is based on hybrid photovoltaic cells, 
which are a combination of two independent solar cell technologies: the dye-sensitized solar cell 
(DSSC) and the polymer solar cell consisting merely of p- and n-type conjugated polymers 
(Müller-Buschbaum, 2008). 
 
Figure 6: Structure of dye-sensitized solar cell (Muller-Buschbaum, 2008) 
First, the DSSC consists of dye-sensitized nanostructured titanium dioxide (TiO2) on a 
compact transparent semi-conducting oxide (titania) and a multi-component redox-electrolyte 
filled in between the two electrodes. Here, the electrolyte is a p-type conducting polymer, which 
acts as hole-conducting and electron-blocking layer of the device (Müller-Buschbaum, 2008).  
Second, the inorganic material is nanostructured. The types of inorganic structure, such 
as foam-like, nanowire type or cauliflower-like, have a strong influence on the performance of a 
potential device; however, its back-filling with the polymer still remains as one of the great 
challenges. These imperfections have to be overcome in future work by a control of the surface 
chemistry of the titania, by either different back-filling mechanisms or by super-structuring of 
the titania as shown in Figure 6 (Müller-Buschbaum, 2008).  
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2.2.3 Mechanism 
The mechanism of hybrid solar cells is more complex compared to that of solar cells. 
Basically, when light energy strikes a hybrid solar cell, the dye absorbs light and produces 
excitons, which dissociate at the dye-semiconductor interface, resulting in photo-generated 
electrons for the semiconductor and oxidized dye molecules that must be reduced and thereby 
regenerated by the electrolyte as shown in Figure 7. If electrical conductors are attached to the 
positive and negative sides, it then forms an electrical circuit (Fonash, 2010). 
 
Figure 7: Diagram of layers in hybrid solar cell (Fonash, 2010) 
2.3 Substrates 
2.3.1 Porous Silicon 
2.3.1.1 Overview 
Arthur Uhlir and Ingeborg Uhlir first discovered porous silicon (PSi) in 1956 (Uhlir, 
1956). It consists of a silicon element filled by a network of pores. Porous silicon has many 
useful characteristics, such as good semi-conductivity, hydrophobicity, good compatibility and 
controllability for the etching fabrication. In addition, porous silicon is highly reactive due to its 
good bioactive behavior. Porous silicon layers are generally made by the electrochemical etching 
of silicon wafers in HF solutions (Uhlir, 1956). Aqueous HF is not suitable for the etching 
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method because the silicon surface is hydrophobic. The etching controls and displays layers of 
porous silicon that allow getting the best activity: thickness and porosity (Figure 8). The layers 
are made on the fabrication of porous silicon. They are controlled by the type of substrate 
doping, pore and branch orientation, anodization current density and etch duration (Uhlir, 1956). 
In the next section, the distributions of porous silicon layers and the fabricating methods will be 
reviewed to get a better understanding how the structure of porous silicon is made (  nes, 
2008).   
 
Figure 8: interface between porous silicon and silicon substrate (     , 2008) 
2.3.1.2 Characteristic 
Based on the size of pores, porous silicon is classified as macroporous, mesoporous and 
microporous as specified in Table 1 (Vinegoni, 2001). Pore size distribution can be analyzed by 
gas adsorption isotherms at low temperature. The silicon nano-crystals in porous silicon that can 
emit visible light vary in size from 10-15Å.  In porous silicon layer, the internal surface area 
ranges from 200 - 600 m
2
/cm
2
 of external surface (Herino, 1987). By using pore size distribution 
of porous silicon, the structures and properties can be predicted easily. 
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Table 1: Pore size of porous silicon (Vinegoni, 2001) 
Type Microporous Mesoporous Macroporous 
Pore width (nm) <2 2-50 >50 
 
Porosity distribution of porous silicon layers is specified as the fraction of silicon 
removed during etching. Since porous silicon has aging effects, it needs to be stabilized by 
increasing the porosity of the silicon wafer. This could be treated by increasing current density 
and decreasing hydrofluoric acid concentration. As a result, the silicon wafer will be more stable 
if it has good porosity (Herino, 1987).  
In addition, porosity depends on the doping levels of porous silicon. For
 
p-doped porous 
silicon layers, a quite sharp pore size distribution is displayed as shown in Figure 9. For n-doped 
silicon, a higher porosity with higher thickness is presented, which makes the pore size increase, 
leading to a broadening
 
of size distributions (Herino, 1987). 
 
Figure 9: Cross section of p-doped porous silicon (Herino, 1987) 
2.3.1.3 Fabrication 
Porous silicon can be fabricated by electrochemical anodization of silicon in a 
hydrofluoric acid (HF) based electrolyte or by stain etching (Grosman, 1997). The fabrication is 
usually experienced in the dark to prevent photo-generated currents providing to the mechanism 
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process. 
The first method is anodization. An anodization cell uses a platinum cathode and silicon 
wafer anode merged in hydrofluoric acid (HF) electrolyte (Grosman, 1997). This is the most 
common method of fabricating porous silicon. The silicon wafer is anodized during anodization 
and together with an O-ring, seals the anodization cell as shown in Frigure 10. The anode 
corrosion is generated by running electrical current through the cell. Since the surface layers 
contain impurities from the air and effect the optical and electrical current. Dissolution of silicon 
occurs only under anodic polarization. If it is p-doped silicon, the anodic polarization is forward. 
If it is n-doped silicon, the anodic polarization is reversed. During the formation of porous 
silicon, a very high amount of hydrogen gas is created. This could be treated by using ethanol 
because ethanol acts as a surfactant to penetrate pores and to eliminate hydrogen bubble 
formation (Grosman, 1997). 
 
Figure 10: Diagram fabrication porous silicon (Foll, 2002) 
A second method for fabrication is by a chemical stain etches that requires putting the 
silicon substrate in a hydrofluoric acid: nitric acid: water solution for about ten minutes. Stain 
films can be as thin as 25Å through stain-etching with hydrofluoric acid and nitric acid solution 
(Foll, 2002). However, the porous silicon fabricated using this method is non-homogeneous in 
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both porosity and thickness because hydrogen gas is still remaining on the surface of the wafer. 
For these reasons, the use of this method is less attractive than the anodization method.  
2.3.1.4 Application 
Porous silicon has many potential applications in the environment and scientific research 
and practice.  Porous silicon can be applied to use in scattering X-ray filter to block photons 
inelastically. Moreover, porous silicon is noted as a possible antireflection (AR) coating in solar 
cells. It could create a large surface area and texturing for trapping light. Porous silicon behaves 
as a direct gap semiconductor. Super lattices using porous silicon act as filters allowing for the 
wavelength selection of light. These structures are presented to make photo detectors color 
sensitive. Anodized porous silicon can be used for color sensitivity in the red region of the 
electromagnetic spectrum; blue-sensitive filters are obtained through oxidation of the porous 
silicon (Beale, 1985). 
The use of porous silicon/silicon substrate could collect light from a wider range of the 
sunlight spectrum. Porous silicon can make it favorable for harvesting a larger amount of the 
solar spectrum. Porous silicon can be a good chemical and biological sensor due to its good 
biocompatibility; for instance, bone growth applications (Beale, 1985). It also has good wafer 
bonding capability that can control of pore size and depth for silicon hydrophilic wafer.  
Alternatively, porous silicon could be used to build environmental or pharmaceutical 
sensing systems. Optical signals could be used to sense wavelength shifts, which correspond to 
fix cells by the presence of chemicals or drugs (Beale, 1985). 
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2.3.2 Titanium Dioxide  
2.3.2.1 Overview 
 Titanium dioxide or Titania is a naturally occurring oxide of titanium. Titanium dioxide 
exists as three mineral compounds such as anatase, brookite, and rutile; however, anatase and 
rutile are the most important crystalline forms of titanium dioxide as shown in Figure 11. Pure 
titanium dioxide does not occur in nature; it is usually derived from ilmenite or leuxocene ores 
and most commonly extracted from titanium tetrachloride by carbon reduction and re-oxidization 
process. Titanium dioxide is widely used in sensors and electro-catalysis (Macintyre, 1992).  
 
Figure 11: Titanium dioxide appearance (WebElements) 
2.3.2.2 Synthesis 
Titanium dioxide pigments are produced from a variety of ores that contain ilmenite 
(FeTiO3), rutile, anatase and leucoxene (TiO2.xFeO.yH2O), which are mined from deposits 
located throughout the world (West, 2008). Titanium dioxide pigment is formed from titanium 
mineral concentrates by either the chloride process or the sulfate process. In the sulfate process, 
ilmenite or titanium slag is reacted with sulfuric acid to form titanium hydroxide. The collected 
titanium dioxide is then precipitated by hydrolysis, filtered and calcined. In the chloride process, 
rutile is converted to titanium tetrachloride by chlorination in the presence of petroleum coke. 
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The titanium tetrachloride as shown in Figure 12 is then oxidized by air or oxygen at about 
1000°C, and the resulting titanium dioxide is calcined to remove residual chlorine and any extra 
hydrochloric acid that formed in the reaction. Aluminum chloride is added to the titanium 
tetrachloride to ensure titanium is completely oxidized into crystals. Depending on the specific 
usages and numerous factors such as the availability of raw materials, freight and waste disposal 
costs, one process can be preferred to use than the other one. In finishing part, the crude form of 
the pigment is well crushed to produce a controlled distribution of particle sizes. The surface of 
crushed titanium dioxide may also be treated or coated with alumina or organic compounds to 
improve the functional behavior in different media (West, 2008). 
 
Figure 12: A unit cell of Rutile, a natural form of titanium dioxide (WebElements) 
2.3.2.3 Property 
Titanium dioxide includes four distinguishing polymorphs; Anatase and Rutile are 
tetragonal while Brookite is orthorhombic and titanium dioxide (B) is monoclinic.  The great 
versatility of titanium dioxide is based on its various structures and sizes. Depending on the 
arrangement of TiO2 atoms, one differentiates between rutile and anatase modifications. General 
physical and mechanical properties of titanium dioxide are summarized in Table 2, and the 
optical properties of titanium dioxide are provided in Table 3. In addition to these general 
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properties, titanium dioxide is also an ultraviolet (UV)-activated catalyst, and organic polymers 
that are in contact with it degrade under UV radiation (CERAM Research, 2002).  
Table 2: Typical physical and mechanical properties of titanium dioxide (CERAM Research, 2002) 
Density 4 g.cm
-3
 
Porosity 0% 
Modulus of Rupture 140MPa 
Compressive Strength 680MPa 
Poi  o ’  Ratio 0.27 
Fracture Toughness 3.2 MPa.m
-1/2
 
Shear Modulus 90GPa 
Modulus of Elasticity 230GPa 
Microhardness (HV0.5) 880 
Resistivity (25°C) 10
12
 ohm.cm 
Resistivity (700°C) 2.5x10
4
 ohm.cm 
Dielectric Constant (1MHz) 85 
Dissipation factor (1MHz) 5x10
-4
 
Dielectric strength 4 kV.mm
-1
 
Thermal expansion (RT-1000°C) 9 x 10
-6
 
Thermal Conductivity (25°C) 11.7 WmK
-1
 
 
Table 3: Optical properties of titanium dioxide (CERAM Research, 2002) 
Phase Refractive index Density (g/mL) Crystal structure 
Anatase 2.49 3.84 Tetragonal 
Rutile 2.903 4.26 Tetragonal 
 
2.3.2.4 Application 
Titanium dioxide is valued for its opacifying strength and brightness. The most useful 
applications of titanium dioxide to the industrial field are pigments, photo-catalysts, oxygen 
sensors, and antimicrobial coatings.  
2.3.2.4.1 Pigment  
The most important function of powder- formed titanium dioxide is pigment due to the 
whiteness and opacity known in paints, coatings, plastics, paper, inks, fibers and food and 
cosmetics.  Titanium dioxide is white and has a high refractive index; it only can be surpassed by 
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diamond. The refractive index identifies the opacity that the material confers to the matrix in 
which the pigment is contained. Therefore, relatively low levels of titanium dioxide pigment are 
required to achieve a white opaque coating. Additionally, one of the major advantages of the 
material for exposed applications is the resistance to discoloration under UV light (CERAM 
Research, 2002). 
2.3.2.4.2 Photo-catalyst 
 Titanium dioxide may act as a photo-sensor for photovoltaic cells. When used as an 
electrode coating in photo-electrolysis cells, titanium dioxide can enhance the efficiency of 
electrolytic splitting of water into hydrogen and oxygen (CERAM Research, 2002). 
2.3.2.4.3 Oxygen Sensors 
 Titanium dioxide tends to lose oxygen and become sub stoichiometric even in mildly 
reducing atmospheres. In this form, the material becomes a semiconductor and the electrical 
resistivity of the material can be correlated to the oxygen content of the atmosphere to which it is 
exposed.  Hence, titanium dioxide can be used to sense if oxygen is present in an atmosphere 
(CERAM Research, 2002). 
2.3.2.4.4 Antimicrobial Coatings 
 The photo-catalytic activity of titanium dioxide plays an important role in thin coatings 
of the material exhibiting self-cleaning and disinfecting properties under exposure to UV 
radiation. These properties make the material a candidate for applications such as medical 
devices, food preparation surfaces, air conditioning filters, and sanitary ware surfaces (CERAM 
Research, 2002). 
2.4 New Phthalocyanine - like Macrocycles 
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2.4.1 Overview 
Phthalocyanine (Pc) was first discovered in 1907 (Kadish, 2003). Phthalocyanine appears 
in the color of blue and green dye. It is used as the photo-conducting agent in chemical sensors 
and photovoltaic cell component for electricity generation (Kadish, 2003).  In general, 
phthalocyanine is a symmetric 18 pi-electron aromatic macrocycle. Phthalocyanine-like 
macrocycles can host about fifty different metal ions in the special central pore as shown in 
Figure 13. 
 
Figure 13: Phthalocyanine with a heme (Kadish, 2003) 
2.4.2 Structure 
In the structure of phthalocyanine, there are four pyrrole-like subunits linked to form a 
16-membered ring. It has planar tetra-dentate dianionic ligands that bind a metal through four 
nitrogen centers as shown in Figure 14 (McKeown, 1998). 
 
Figure 14: Phthalocyanine in 3D structure (Kadish, 2003) 
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2.4.2 Property 
Unsubstituted phthalocyanine compounds are thermally stable, non-melting but can be 
sublimed. Unsubstituted phthalocyanines are blue or green dyes because they can absorb light 
with wavelength between 600nm and 700nm. For substituted phthalocyanine compounds, the 
properties are different; they are more soluble, less thermally stable and cannot be sublimed. 
When the absorption is in the near infrared, substituted phthalocyanine changes from pure blue 
to green and to colorless (McKeown, 1998). 
2.4.3 Typology 
There are many different types of phthalocyanines, including phthalocyanine, 
naphthalocyanine, subphthalocyanine, super phthalocyanine and porphyrazine (Gregory, 2000). 
For the purpose of this MQP project, only the new phthalocyanine-like macrocycle is 
used. Phthalocyanine like macrocycles belongs to the porphyrazine class; it has two different 
brands: tetra-2, 3-thiophenoporphyrazine and tetrakis (thiadiazole) porphyrazines (Gregory, 
2000). However, only tetra-2, 3-thiophenoporphyrazine is introduced in this project; it is an 
impure copper complex. Thiophene rings replace the heterocyclic phthalocyanine in the benzene 
rings. When eight long alkyl chains are combined, the metal-free compound is obtained due to 
asymmetry induced by the thiophene ring as shown in Figure 13.  
2.4.4 Synthesis 
Phthalocyanine is synthesized by heating phthalic acid derivatives that contain nitrogen 
functional groups. The heating of phthalanhydride is a useful method in the presence of urea and 
salts. Precursors of phthalic acid derivatives are: o-cyanobenzamide and phthalimide. This 
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synthesis could produce approximately 50,000 tons of various phthalocyanines per year 
(McKeown, 1998). 
 
Figure 15: Copper phthalocyanine structure (McKeown, 1998) 
2.4.5 Application 
Phthalocyanine plays an imporatnt role in textile dyeing field of  society. Currently, a 
quarter of all man-made organic dyes are phthalocyanine derivatives (McKeown, 1998). In 
particular, copper phthalocyanine (CuPc) dyes are produced by conducting solubilizing groups. 
These dyes are in wide use for textile dyeing, spin dyeing and in the paper industry.  
Consequently, metal phthalocyanine also plays many roles as a catalyst for redox 
reactions, or a donor compound in molecular electronics. Metal-free phthalocyanine (H2Pc) is 
also common because of its high chemical stability and conductivity. As a result, good stability 
and conductivity of metal phthalocyanine is a suitable choice for use in organic light-emitting 
diodes (Gregory, 2000). 
2.5 Conducting Metal 
Copper, silver and zinc are three good candidates for the “metal” core in Phthalocyanine 
structure because of their thermal conductivity, and electrical conductivity.  
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2.5.1 Copper  
Copper (Cu) was the first mineral that was extracted from the earth and along with tin 
gave rise to the Bronze Age. Copper has high electrical conductivity (60.7 x 10
6
 S.m
−1
); 
therefore, it is an excellent conductor of electricity; as such one of its main industrial usages is 
for the production of cable, wire and electrical products for both the electrical and building 
industries. For these reasons, the uses for copper have also been increased in many industrial 
purposes (Nafisa Baxamusa, 2011).  
2.5.2 Silver  
Silver (Ag) is also an excellent conductor of heat and electricity; it has the highest 
electrical conductivity of all metals (about 63.0 x 10
6
 S.m
−1
). However, its greater cost has 
prevented it from being widely used for electrical purposes. The principal uses of silver are for 
photography, the electrical and electronic industries and for domestic uses as cutlery, jewelry and 
mirrors. Silver is also employed in the electrical industry: printed circuits are made using silver 
paints, and computer keyboards use silver electrical contacts (Lenntech, 2011).  
2.5.3 Zinc 
Zinc (Zn) is another conductor which does not have electrical conductivity as high as 
copper or silver (only 0.169 x 10
6
 S.m
−1
). The primary use for zinc is to form numerous alloys, 
including brass, bronze, nickel silver, silver, and aluminum solder; zinc is used to make die 
castings for use in the electrical, automotive, and hardware industries. Zinc is also used to 
galvanize other metals to prevent corrosion. However, it is successfully used as a hybrid solar 
cell material (Waldo & et al, 2005). Table 4 reports the common properties of copper, silver, and 
zinc.  
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Table 4: The conductivity properties of Cu, Zn and Ag (Nafisa Baxamusa, 2011) 
 
Sample Electrical 
conductivity 
(S.m
−1
) 
Thermal 
Conductivity 
(W·m
−1
·K
−1 
) 
Electrical 
Resistivity 
( Ω·m) 
Cost ($/per 100g) Type 
Copper 60.7 x 10
6
 401 16.8 Pure: 9.76  
Bulk: 0.66 
Transition 
metal 
Silver 63.0 x 10
6
 429 15.87 Pure: 120 
Bulk: 57.5 
Transition 
metal 
Zinc 0.169 x 10
6
 116 59.0 Pure: 5.30 
Bulk: 0.18 
Transition 
metal 
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CHAPTER 3: LITERATURE REVIEW  
The concept of making a “hybrid solar cell based on titanium dioxide and metal – 
phthalocyanine” is unique; there are few articles on this type of technology. As highlighted in the 
background chapter, several studies have been performed to investigate hybrid solar cells using 
nanoporous metal oxide electrodes or nanocrystal/conjugated polymer blend approaches using 
inorganic semiconductors such as TiO2, Psi and GaAs (  nes, 200 ). The background of two 
possible inorganic semiconductors was also researched, including porous silicon (PSi) and 
titanium dioxide (TiO2).  
The related literature on the efficiency of “hybrid dye-sensitized solar cells based on 
titanium dioxide and metal – phthalocyanines” that scientists have already done successfully in 
the past will be now discussed. This chapter is divided into five sections: a review of related 
literature on hybrid solar cell, porous silicon, and titanium dioxide are presented in the first three 
sections, while metal – phthalocyanines review is discussed in the last section.  
3.1 Hybrid Solar Cell 
From the background, it is known that the primary material used in hybrid solar 
technology is porous silicon. This semiconductor was the ideal choice because it was already 
produced in large quantities when solar energy technology was invented (Goetzberger, Luther, & 
Willeke, 2002). However, any semiconductor such as titanium dioxide (TiO2) or gallium 
arsenide (GaAs) is acceptable.  
The semiconductor is part of a panel known as a photovoltaic, or solar cell. The cell 
absorbs sunlight and converts it into electricity generally with 15 to 20% efficiency as shown in 
Figure 16 (Kribus, 2002). According to the U.S. Department of Energy’s “About Photovoltaic” 
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website: “PV systems are now both generating electricity to pump water, light up the night, 
activate switches, charge batteries, supply the electric utility grid, and more. Whether you are a 
homeowner, farmer, planner, architect, or just someone who pays electric utility bills, PV may 
already touch your life in some way”.  
 
Figure 16: Hybrid solar system captures 80% of the Sun's energy (Kribus, 2002) 
In 1999, one study of Callahan, Parker, Sherwin, and Aiello has tested 25,000 portable 
classrooms across Florida by using solar energy. They observed the energy consumption in each 
classroom and they determined that the total energy consumption was reduced significantly with 
only modest changes and stability of the solar power. While people are starting to use new 
technologies, hybrid solar cells are ready to lead us into a new era of more efficient and 
convenient energy. 
3.2 Porous Silicon  
According to the background research, porous silicon can be fabricated by the 
electrochemical anodization of silicon in a hydrofluoric acid (HF) based electrolyte or by stain 
etching as shown in Figure 17. The fabrication is usually experienced in the dark to prevent 
photo-generated currents providing to the mechanism process. 
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Figure 17: SEM image have Si surface and cross-section after electrochemical etching with HF (Levitsky, 2004) 
According to a research in 2004, Levitsky and Euler proposed that the interface between 
nano – porous silicon and copper phthalocyanine could provide an efficient photovoltaic effect 
with conversion efficiency up to 2% under white illumination (20–30 mW/cm2) as shown in 
Figure 18. They also stated that further improvements in the device performance are expected 
with pore diameter/depth/ structure optimization, increasing of the filling pressure, and 
fabrication of thin, freestanding porous silicon membranes (Levitsky, 2004).  
 
Figure 18: Graph of the ITO/Psi-CuPc/Si/Al cell at variable light power co v r io   fﬁci  cy (circl  ) a d ﬁll factor 
(triangles) (Levitsky, 2004)  
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 To make porous silicon, it is required to use hydrofluoric acid (HF). Hydrofluoric acid is 
dangerous, highly toxic and rare in the United States. Undergraduate students are thus not 
allowed to use hydrofluoric acid because they might not be cautious enough to prevent exposure 
to themselves. The MQP group was hence not allowed to use hydrofluoric acid. Therefore, 
titanium dioxide (TiO2) will be used as a primary semiconductor for this project; it will be 
discussed in the next part of this chapter. 
3.3 Titanium Dioxide 
Researchers are investigating cheaper sources of solar energy by replacing silicon with 
titanium dioxide.  In 1991, O’regan and  ratzel created a photovoltaic cell from low to medium 
purity materials through low-cost processes, which exhibited commercially viable energy-
conversion efficiency. Gratzel cells were named after their inventor, the Swiss scientist Michael 
 ratzel. Instead of silicon, O’regan and  ratzel relied on titanium dioxide (TiO2) – a cheap and 
widely available material used in many products. Gratzel cells contain particles of TiO2, which 
are coated with a dye that absorbs a wide range of wavelengths given off by sunlight. These cells 
are placed between two electrodes in an electrolyte solution containing iodine ions and generate 
electricity when the energy captured by the dye as shown in Figure 19. 
 
Figure 19: Scheme of dye-sensitized TiO2/PT glass (O’r ga  a d Gratzel, 1991) 
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The device is a 10-µm-thick transparent film of titanium dioxide particles coated with a 
monolayer of a charge-transfer dye to sensitize the film for light harvesting. Due to the high 
surface area of the semiconductor film and the ideal spectral characteristics of the dye, the device 
harvests a high proportion of the incident solar energy flux with 46%. It also shows significantly 
high efficiencies: more than 80% for the conversion of incident photons to electrical current.  
Generally, the light-to-electric energy conversion has 7.1 to 7.9% yield in simulated solar 
light and 12% in diffuse daylight. With all of the best characteristics of titanium dioxide, large 
current densities, low cost and stability make its applications more feasible and interesting 
(O’regan and Gratzel, 1991).  
In 2011, another researcher Huang and his team found another way to use TiO2 for 
generating solar cell. They used indium tin oxide (ITO), which was the standard material for 
transparent electrodes with a thin film of carbon nanotubes. Carbon nanotubes are transparent, 
flexible and strong to become ideal materials for transparent electrodes. The only disadvantage is 
that photo-generated charge carriers in the nanotube may recombine with ions in the dye, which 
lowers the power conversion efficiency of the solar cell.  
 
Figure 20: Using a thin protective layer of titanium oxide now stabilizes the nanotubes (right), increasing the performance 
of these cells (The Agency for Science, 2012) 
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Huang and his team placed a TiO2 thin film in between the carbon nanotube thin film and 
the porous layer as shown in Figure 20. They found that the performance of dye-sensitized solar 
cells with TiO2 thin film was significantly better than those without. However, they also found 
that the solar conversion efficiency of their new dye-sensitized solar cells was only 1.8%, which 
is lower than that of conventional solar cells using ITO electrodes. This is due to the higher 
electrical resistances and reduced optical transparency of the carbon nanotube films, which limits 
the amount of sunlight entering the cell. 
 
Figure 21: Frontside geometry with a transparent TiO2  (right) Backside geometry with a non-transparent TiO2 nanotube 
array (Huang, 2011) 
 
3.4 Metal – Phthalocyanine 
In 2008, Hassan, Ibranhim and Sopian reported that the characterization for copper 
phthalocyanine (CuPc) and silver phthalocyanine (AgPc) films showed the energy bands of the 
samples were influenced by the thickness of the film. The thickest layer gave the lowest value of 
energy gap. The thickness of the CuPc layer was varied in order to compare the electrical 
properties of the cell. The power conversion efficiency for the first cell Ag / CuPc / Al (3 layers) 
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was 1.6 х10
-3 
% while the efficiency for the second cell Al/ CuPc (5 layers) / Ag was 1.2 х10
-4 
% 
between 600-800nm wavelength as shown in Figure 22. 
 
Figure 22: The power conversion efficiency Ag/CuPc/Al between 600 and 900nm wavelength (Hassan et al., 2008) 
In 2006, a report of Dennler et al. presented that the photo voltages were approximately 
1.6 times larger than the sub-cells alone. They reported a zinc phthalocyanine (ZnPc: C60/P3HT: 
PCBM) cell that displayed a 1.02 V with the efficiency of 2.3% as shown in Figure 23.  
 
Figure 23: ZnPc: C60 (Dennler et al., 2006) 
In 2004, Xue et al. also reported a cell using two CuPc: C60 sub-cells stacked in series 
with the efficiency of 5.7%. This number showed the highest efficiency for a device structure. 
For ZnPc cell, power conversion efficiency was 1.9% for a single cell and 2.4% for the cell 
device using two layers: p-type TPD/ZnPc and an n-doped C60. Between 630 and 700 nm 
wavelengths, the photoactive layer of a mixture of ZnPc displayed external quantum efficiencies 
of 40% as shown in Figure 24 (Xue et al., 2004). 
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Figure 24: Efficience TPD/ZnPc (Xue et al., 2004) 
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CHAPTER 4: METHODOLOGY  
Based on the scientific references found in Literature review chapter, the prototype of 
“hybrid dye – sensitized solar cell based on titanium dioxide and metal – phthalocyanines” was 
constructed. In this chapter, details procedures of synthesizing dye-absorbing materials, which 
include copper phthalocyanine, zinc phthalocyanine, and silver phthalocyanine, will be 
presented. The preparation of titanium dioxide paste will also be demonstrated. Finally, the 
procedure of constructing hybrid solar cells will be introduced.   
4.1 Preparation of Dye Sensitized Phthalocyanine Solutions 
Phthalocyanine solutions appear to be effective candidates for dye-sensitized materials, 
which had been used in hybrid solar cell due to its photoconductivity and photovoltaic 
properties. In this section, the needed materials and the detailed preparation of phthalocyanine, 
copper phthalocyanine, zinc phthalocyanine, and silver phthalocyanine solutions will be 
introduced. The phthalocyanine dyes and starting materials: copper acetate monohydrate, zinc 
acetate dihydrate, and silver nitrate as well as the solvents used in these experiments were all 
obtained from Alfa Aesar.   
4.1.1 Phthalocyanine Solution 
Phthalocyanine dye (0.0075 moles) was weighed by electronic scale and added to a 25 
mL beaker. 5mL of pyridine was added to the same beaker; the beaker was allowed to stir well at 
80
0
 C for 10 minutes until the mixture was completely dissolved. The mixture was diluted with 
pyridine according to the ratio 1: 5, 1:10 and then pipetted into 4mL cuvettes for UV-Visible 
spectroscopy test (Berezin, 2004).  
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Figure 25: Phthalocyanine solution in the left (blue dye, ratio 1:10 and 1:5), solvent blank (colorless) in the right  
4.1.2 Copper Phthalocyanine Solution 
Copper phthalocyanine was synthesized by mixing phthalocyanine dye (powder), copper 
acetate monohydrate (solid state) and pyridine (Berezin, 2004).  
 
Figure 26: Copper phthalocyanine structure 
Copper acetate monohydrate (0.0075 moles) was placed into a 25mL beaker. 
Phthalocyanine dye (0.0075 moles) and 5ml of pyridine were added into the beaker that 
contained copper acetate monohydrate. The solution was stirred in 20 minutes to ensure that the 
copper acetate monohydrate and phthalocyanine dye were completely dissolved in pyridine 
solvent. To prepare for UV-Visible test, the mixture was diluted with pyridine according to the 
ratio 1:5 and 1:10 and pipetted into 4mL cuvettes.  
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Figure 27: Copper phthalocyanine in the left (light green dye, ratio 1:10 and 1:5, respectively) and solvent blank in the 
right (colorless)  
4.1.3 Silver Phthalocyanine Solution 
Though there was no actual reference for directly synthesizing silver phthalocyanine 
from phthalocyanine dye, silver phthalocyanine solution was still prepared by mixing 
phthalocyanine dye (powder) and silver nitrate (liquid state) in the presence of ethanol solvent. 
This procedure was generated by a procedure in which silver phthalocyanine was synthesized 
from lithium phthalocyanine (MacCragh, 1963).  
Silver nitrate (liquid) (0.0075 moles) was measured in a 10mL-graduated cylinder. 
Phthalocyanine dye (0.0075 moles) and 5mL of Ethanol solvent (95%) were added into the 
beaker that contained silver nitrate. The mixture of silver nitrate, phthalocyanine dye, and 
ethanol was stirred in 20 minutes for solutes to dissolve. To prepare for the UV-Visible test, the 
mixture was diluted in Ethanol (95%) according to the ratio 1:5, 1:10 and pipetted into two 4 mL 
cuvettes.    
 
Figure 28: Silver phthalocyanine structure 
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Figure 29: Zinc phthalocyanine solution (left and middle, light yellow, 1:10 and 1:5 dilution, respectively) and Silver 
phthalocyanine solution (right, light yellow 1:10 dilution).  
4.1.4 Zinc Phthalocyanine Solution 
Zinc phthalocyanine was prepared by mixing phthalocyanine dye (powder), zinc acetate 
dihydrate (solid state), and acetonitrile (Berezin, 2000).  
 
Figure 30: Zinc phthalocyanine structure 
Zinc acetate dihydrate (0.004 moles) was placed into a 25 mL beaker. Phthalocyanine 
dye (0.0075 moles) and 5mL of acetonitrile were added into the beaker that contained zinc 
acetate dihydrate. The mixture was stirred on the stirrer in 20 minutes until the solutes were 
completely dissolved. To prepare for UV-Visible test, the mixture was diluted with acetonitrile 
according to the ratio 1:5, 1:10 and pipetted into two 4mL cuvettes.  
4.2 Preparation of Titanium Dioxide Paste  
Titanium dioxide is known as a cheap and efficient semi-conductive material, which has 
huge potential for use in many countries. In addition, titanium dioxide is relatively easy to obtain 
and paste on the conductive glass compared to porous silicon and other conductive materials. 
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The detailed procedure of mixing and pasting titanium dioxide on the conductive glass was 
introduced (Grazel, 2005). Nano-crystalline titanium dioxide and tri-iodide solution were 
obtained from Institution of Chemical Education (ICE) website (Institution of Chemical 
Education, 2010).  
4.2.1 Procedure 
One gram of nano-crystalline titanium dioxide (TiO2) was ground using a mortar and 
pestle with a few drops of very dilute acetic acid (0.035M) until a colloidal suspension with a 
smooth consistency (like cake icing) was observed. A drop of Triton X-100 served as a 
surfactant was then added into the mixture (Grazel, 2005). The final product was titanium 
dioxide paste as shown in Figure 31.  
 
Figure 31: Titanium dioxide paste 
4.3 Hybrid Solar Cells  
In this section, the procedure of making and testing “hybrid solar cells based on titanium 
dioxide and phthalocyanines” would be presented clearly (Smestad, 2008).  
4.3.1 Procedure 
A multi-meter was used to measure the resistance, which identified the conducting side of 
a tin-oxide coated piece of glass. The conducting side was observed to have a resistance of 19-25 
ohms on average.  
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Figure 32: Resistance of tin oxide - coated glass 
With the conducting side up, three sides of the conductive glass were taped as shown in 
figure 32. Fingerprints were carefully wiped out by using a kim-wipe wetted with ethanol (70%). 
Three pieces of tapes were used to control the thickness of titanium dioxide layer as shown in 
Figure 33.    
 
Figure 33: Tin oxide-coated glass was taped three sides 
A small amount of titanium dioxide paste was added and quickly spread by pushing with 
a glass rod before the paste dried as shown in Figure 34.  
 
Figure 34: Titanium dioxide pasted on tin oxide-coated glass 
The tapes were carefully removed from the conductive glass without scratching the TiO2 
coating. The conductive glass was heated on a hotplate in a hood for 10-20 minutes. The surface 
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of the glass appeared brown in color as the organic solvent and surfactant dries and burns off to 
produce a white or green sintered titanium dioxide coating. When the darkened stage appeared, 
the heater was turned off for the glass to cool down.  
The dye-sensitized solutions were then placed drop-wise on the tin-oxide coated glass 
that contained titanium dioxide paste until the white titanium dioxide changed the color as shown 
in Figure 35.  
 
Figure 35: Dye-sensitized solutions drop wise on tin oxide-coated glass 
The glass was rinsed gently with water to remove extra metal phthalocyanine particles 
and then with ethanol to remove water from the porous TiO2 as shown in Figure 36.  
 
Figure 36: Tin oxide-coated glass was rinsed with water and then ethanol respectively 
A second piece of tin oxide glass was placed on top with the conducting side down. A 
flame was used to coat the conducting side with carbon. The glass was passed quickly and 
repeatedly through the middle part of the flame as shown in Figure 37.  
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Figure 37: Conducting sides of second piece of tin oxide-coated glass was heated  
The two glass plates with coated sides were assembled together and offset so that 
uncoated glass extended beyond the sandwich. The two plates were clamped together as shown 
in Figure 38.  
 
Figure 38: Sandwich glass plates were clamped  
A few drops of a tri-iodide solution were added to the edge of the plate. Capillary action 
will cause the KI3 solution to travel between the two plates; KI3 electrolyte solution consists of 
0.5 M KI and 0.05 M I2 in anhydrous ethylene glycol as shown in Figure 39.  
 
Figure 39: Tri-iodide solution drop wise on the plate 
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A multi-meter with alligator clips was clamped to each plate so that the negative 
electrode was clipped on the TiO2 coated glass and the positive electrode was clipped on the 
carbon-coated glass as shown in Figure 40.  
Current and voltage produced by normal room illumination light, the UV light (UVGL -
25), and normal sunny, then cloudy daylight were measured and recorded as shown in Figure 41. 
 
Figure 40: Current and Voltage measurements under room illumination 
   
Figure 41: Current and Voltage measurements under UV Light (left), sunny daylight (middle) and cloudy daylight (right) 
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CHAPTER 5: RESULT AND DISCUSSION 
5.1 UV – Visible Spectroscopy Test for Metal – 
Phthalocyanines  
By using Lambda- 35 UV/Visible spectrophotometer and UV WinLab V2.85 software, 
multiple UV-Visible tests were conducted to produce the spectra of absorbance (%) versus 
wavelength (nm) for phthalocyanine, copper phthalocyanine, silver phthalocyanine, and zinc 
phthalocyanine. The UV-Visible test was run to characterize the metal complexes. The spectrum 
of copper phthalocyanine is shown in Figure 42 for demonstration, and spectra of 
phthalocyanine, silver phthalocyanine and zinc phthalocyanine are shown in the Appendix. 
 
Figure 42: UV-Visible spectra of copper phthalocyanine with wavelength of 688nm 
Figure 42 clearly showed that in the UV-Visible spectra of phthalocyanine, a broad peak 
was obtained between 400nm and 900nm. The maximum wavelength of phthalocyanine was 
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determined as 688 nm relatively closed to the theoretical maximum absorbance of 
phthalocyanine dye in pyridine. For copper phthalocyanine, the first optimal peak on the right 
was defined to be the maximum wavelength, which was 675nm. For silver phthalocyanine, a 
broad peak was observed and the wavelength was found at 685nm. The wavelength of zinc 
phthalocyanine was also determined as 683nm. These experimental values were summarized in 
Table 5 and percent errors were calculated to compare with the literature values. 
Table 5: Wavelength results for phthalocyanine solutions from UV-Vis Spectra 
 Compounds 
 
Literature wavelength  
(nm) 
Experimental wavelength  
(nm) 
Phthalocyanine  
(Pc) 
640 688 
Copper phthalocyanine (CuPc)  431-624  675 
Silver phthalocyanine (AgPc) 300-900 685 
Zinc phthalocyanine  
(ZnPc) 
500-900  683 
 
 In Table 5, the experimental wavelengths were in the range of the literature wavelengths 
for all phthalocyanine solutions. These results fully supported that three conducting metals of 
copper, silver and zinc sealed and bonded to the metal core of the macrocycle – ring in 
phthalocyanine. Further analysis would be needed to determine the amount of metal complex 
formed quantitatively by using Infrared (IR) spectra and 
1
H Nuclear Magnetic Resonance (NMR) 
spectra.
 
5.2 Efficiency of hybrid solar cells based on titanium dioxide 
and metal – phthalocyanines 
By using the DT-830B Digital MultiMate, the current and voltage were recorded for each 
hybrid solar cell based on TiO2 and metal – phthalocyanine solutions. A normal room light with 
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40 Watts, a UVGL-25 Compact UV-Lamp with 115V-60Hz/0.16Amps/25 Watts, and normal 
sunny daylight (1000 Watts/m
2
) and cloudy daylight (800 Watts/m
2
) were used to measure the 
power efficiency of the hybrid solar cells as shown in Table 6 (International Network for 
Sustainable Energy, 2012).  
Table 6: Current and voltage measurements of hybrid solar cells  
1.Normal room illumination (40 Watts) Pc CuPc AgPc ZnPc 
Current (μA) 0.8 1.7 0.6 0.9 
Voltage (mV) 92.5 101.2 89.9 95.5 
2. Compact UV Light (25 Watts)     
Current (μA) 7.6 0.5 2.0mA 6.3mA 
Voltage (mV) 124.0 76.9 108.8mV 85.2 
3. Sunny daylight (1000 Watts/m
2
)     
Current (μA) 6.8 5.3 5.7 8.3 
Voltage (mV) 88.6 178.2 145.0 210.4 
4. Cloudy daylight (800 Watts/m
2
)     
Current (μA) 5 1.5 1.6 6.1 
Voltage (mV) 103.2 88.6 127 197 
 
Based on the data collected, the energy conversion of efficiency was calculated by using 
equation 1.  
Equation 1: Energy conversion of efficiency formula 
h =
Pm
E ´ A
P = IV =V
2
R
h =
V 2
E ´ A´ R   
 
To calculate energy conversion of efficiency, the area of the solar cell surface, magnitude 
of the light illumination, and the internal resistance of the multi- meter were initially found. 
Firstly, the area of the solar cell surface was obtained by measuring the area of the Tin oxide 
coated glass subtracting the area of three-taped sides. Secondly, the estimated magnitude of the 
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light illumination was calculated by dividing the power of the light illumination to the area in 
which the light shadowed. Lastly, the internal resistance of the multi-meter was found on its 
manufacturer’s website.  
In order to test the hypothesis as stated in the Introduction, the energy efficiency under 
normal room illumination, compact UV-lamp, sunny day and cloudy light were computed, as 
well as the average efficiencies of three metals – phthalocyanine solutions were also reported as 
shown in Table 7. 
Table 7: Average energy conversion efficiency of phthalocyanine and metal – phthalocyanines results 
Light condition Pc Metal - 
Phthalocyanines 
CuPc AgPc ZnPc 
Surface area (m
2
) 0.0006 0.0006 0.0006 0.0006 
Internal resistance (W) 1.6 1.6 1.6 1.6 
Efficiency (h ) 1. Room illumination 1.114% 1.334% 1.188% 1.052% 
Average h 1 = 1.191% 
2. UV light 2.002% 0.770% 0.945% 1.541% 
Average h 2 = 1.085% 
3. Sunny daylight 0.199% 0.534% 0.808% 1.125% 
Average h 3 = 0.822% 
4. Cloudy daylight 0.336% 0.248% 0.509% 1.225% 
Average h 4 =0.661 % 
Cumulative average efficiency of 
Phthalocyanine and 
Metal - phthalocyanines 
 
0.913% 0.940% 
Cumulative rank hMetal phthalocyanine  > h Phthalocyanine 
 
The results were then plotted in a graph to present better the relationship of the efficiency 
between phthalocyanine and metal – phthalocyanine solutions under different light conditions as 
shown in Figure 43. 
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Figure 43: Column chart for comparisons between the efficiency of phthalocyanine and metal - phthalocyanine solutions  
Figure 43 clearly showed that hybrid solar cells based on titanium dioxide and 
phthalocyanine dye had the highest energy conversion efficiency of 2.002% under UV – Light, 
and lowest efficiency of 0.199% under sunny daylight. Hybrid solar cells based on titanium 
dioxide and metal – phthalocyanine solutions had the highest efficiency 1.191% under normal 
room illumination, and lowest efficiency of 0.661% under cloudy daylight. 
In general, the efficiency was relatively small and low yield. The graph in Figure 43 also 
showed that the cumulative average efficiency of metal – phthalocyanine solutions (0.940%) was 
slightly higher than phthalocyanine (0.913%). These results fully supported the hypothesis of the 
project is that metal – phthalocyanine solutions give the hybrid solar cells with better efficiency 
than phthalocyanine dyes. 
 Furthermore, three conducting metals were compared to analyze which one would give 
the highest or lowest efficiency of the metal – phthalocyanine solutions for hybrid solar cells. A 
summarized table of analyzing the values was obtained in Table 8. 
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Table 8: Metal - phthalocyanine efficiency ranks 
  
Light condition 
Efficiency of Metal – Phhalocyanines  
Copper 
phthalocyanine  
(CuPc) 
Silver 
phthalocyanine  
(AgPc) 
Zinc 
phthalocyanine  
(ZnPc) 
Room illumination 1.334% 1.188% 1.052% 
UV light 0.770% 0.945% 1.541% 
Sunny daylight 0.534% 0.808% 1.125% 
Cloudy daylight 0.248% 0.509% 1.225% 
Cumulative average 
efficiency  
0.722% 0.863% 1.236% 
Cumulative rank  Lowest Medium Highest 
h ZnPc > h AgPc >h CuPc 
 
 The values were plotted in a different graph to compare energy efficiencies in Figure 44. 
 
Figure 44: Column chart for comparisons between the efficiency of CuPc, AgPc and ZnPc. 
The graph in Figure 44 demonstrated that zinc phthalocyanine (ZnPc) gave the highest 
efficiency of 1.236%; copper phthalocyanine (CuPc) gave the lowest efficiency of 0.722% in the 
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metal – phthalocyanine solution group. Silver phthalocyanine (AgPc) had the medium efficiency 
of 0.863%, lower than zinc phthalocyanine and higher than copper phthalocyanine’s efficiencies.  
5.3 Limitation 
Throughout the project, there were some difficulties affected to the efficiency of hybrid 
solar cells. First of all, titanium dioxide was not the best choice for solar cell semiconductor; the 
original idea was to design hybrid solar cells based on porous silicon and phthalocyanine 
derivatives due to the large surface area of porous silicon. However, making porous silicon 
required using hydrofluoric acid (HF), which is dangerous and highly toxic. Thus, undergraduate 
students in Worcester Polytechnic Institute are not allowed to use it. The second approach was to 
use gallium arsenide (GaAs) due to its high electron mobility; however, the price for GaAs was 
too expensive. Finally, the use of titanium dioxide was chosen as a primary semiconductor due to 
the reasonable price and safety purposes. Secondly, during synthesizing process, it was 
challenging to synthesize copper phthalocyanine, silver phthalocyanine and zinc phthalocyanine 
directly from phthalocyanine dye because of the highly stable phthalocyanine ring; consumed 
solvents during the synthesis that were not friendly to the environment. Last but not least, in 
general principal, metal-phthalocyanine structures should lead to an improved performance and a 
better lifetime-stability compared to a fully organic structure (phthalocyanine) due to a more 
efficient charge separation and a higher stability of the metal oxides, respectively.  
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CHAPTER 6: CONCLUSION AND 
RECOMMENDATIONS FOR FUTURE WORK 
The desired model of hybrid dye – sensitized solar cells based on titanium dioxide and 
metal – phthalocyanines was constructed after three – term period of researching, running 
experiments and testing the products. By the end of final term, all of the priority goals have been 
accomplished. Metal – phthalocyanines dyes were synthesized and the UV – Visible spectra 
results supported that copper, silver and zinc sealed and bonded to the metal core of the 
macrocycle – ring in phthalocyanine, and the energy efficiency of the hybrid dye – sensitized 
solar cells was also computed as described in chapter 5.  
The efficiency of the hybrid dye – sensitized solar cell was relatively small (h =0.940%). 
The cumulative average efficiency of metal – phthalocyanine solutions (0.940%) was higher than 
phthalocyanine (0.913%). These efficiency values fully supported the hypothesis of this project 
was that metal – phthalocyanine solutions would give the hybrid solar cells with better the 
efficiency than phthalocyanine dyes. In addition, phthalocyanine dye gave the hybrid solar cells 
the highest efficiency under UV – Light, and metal – phthalocyanine solutions gave the hybrid 
solar cells the highest efficiency under normal room illumination. 
In three metal – phthalocyanine solutions, zinc phthalocyanine gave the hybrid solar cells 
the highest efficiency, silver phthalocyanine gave a medium efficiency and copper 
phthalocyanine gave the lowest average efficiency under normal room illumination, UV-light 
and sunny, cloudy daylight.   
In conclusion, the hybrid dye – sensitized solar cell model is simple, fast and friendly. 
The titanium dioxide, triton, phthalocyanine dyes and starting materials are low – cost and 
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widely available. With an average efficiency of 0.940% of one small tin-oxide coated glass, this 
number could increase significantly with multiple tin-oxide coated glasses putting together. An 
example of a rooftop of a house, thousands of tin-oxide coated glasses with metal – 
phthalocyanine solutions could be assembled to make a giant glass panel. This panel will have 
much higher conversion energy efficiencies achieved under any weather condition, sun daylight 
or cloudy light.    
For the recommendation for future projects,  three improvements will be provided. Due 
to time constraints, UV-Visible Spectrum was only used to test the attachment of metals to the 
phthalocyanine rings, which were not enough. The first recommendation is to use Infrared (IR) 
spectra and 
1
H Nuclear Magnetic Resonance (NMR) spectra for further analysis. The second 
recommendation regarding the semiconductors is to use gallium arsenide or porous silicon if 
they are available. The last recommendation is related to study in depth of how the dimension, 
shape and crystallinity of the metal-oxide nanostructure affect the device performance. The 
investigation of the device physics, especially charge generation, exciton separation, 
recombination and mobility. These values should be compared with standard bulk-heterojunction 
solar cells to emphasize the differences, which will enable to identify and overcome current 
limitations of nanostructured hybrid solar cells. 
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APPENDIX: UV – VISIBLE SPECTRA 
UV – Visible Spectra of phthalocyanine, silver phthalocyanine and zin phthalocyanine 
was shown in Figure 45, 46 and 47. 
 
Figure 45: UV Vis spectrum of phthalocyanine with wavelength of 688nm 
 
Figure 46: UV Vis spectrum of silver phthalocyanine with wavelength of 686nm 
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Figure 47: UV Vis spectrum of zinc phthalocyanine with wavelength of 683nm 
 
